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Abstract

In this dissertation, two separate applications that are related to surface acoustic waves in
a solid media are presented. The first study concerns simulating and validating an experimentally
study for quantifying the bolt tension in the bolted joints using the surface acoustic wave. The
second study experimentally investigates measuring the level of a liquid existing on a solid surface
via surface acoustic waves and exploring the effect of liquid existence on the propagation of
surface acoustic waves over the solid surface.
Quantifying bolt tension and ensuring that bolts are appropriately tightened for large-scale
civil infrastructures are crucial. This study investigates the feasibility of employing the surface
acoustic wave (SAW) for quantifying the bolt tension via finite element modeling. The central
hypothesis is that the real area of contact in a bolted joint increases as the tension or preload is
increased, causing an acoustical signature change. The bolted joints was modeled using a
Computer Aided Design Software and the simulation was carried out via Finite Element Analysis
software (ANSYS18.1).The experimentally verified 3-D simulations were carried out in two steps:
A preload was first applied to the bolt body to simulate the realistic behavior of bolted joints, and
the SAW propagation was then excited on the top surface of the plate to reflect from the bolt. The
bolt tension value was varied between 4 and 24 kN (properly tightened bolt) in the steps of 4 kN
to study the effect of the bolt tension. The results indicate an increased reflected wave amplitude
and a gradual phase shift, up to 0.5 µs, as the bolt tension increased. Furthermore, the result shows
that the distance between the first reflected wave and the source becomes shorter as the preload
vi

increases, as hypothesized. A 1.9 mm difference in the distance between the maximum and
minimum preload was observed. As part of this study, the simulation results were also compared
with the experimental results, and a good agreement between the simulation and experiments was
demonstrated.
The propagation of surface acoustic waves over a solid plate is highly influenced by the
presence of liquid media on the surface. At the solid-liquid interface, a leaky Rayleigh wave
radiates energy into the liquid, causing a signification attenuation of the surface acoustic wave
amplitude. In this study, we take advantage of this spurious wave mode to predict the
characteristics of the media, including the volume or height. In this study, the surface acoustic
waves were generated on a thick 1018 steel surface via a 5 MHz transducer coupled through an
angle beam wedge. A 3D-printed container was inserted on the propagation path. The pulse-echo
time-domain responses of the signal were recorded at five different volumes (0, 400, 600, 1000,
and 1800 µL). With the aid of parametric Computer Aided Design Software, both the position and
distance of the entire traveling wave in the liquid layer were modeled and verified with
experimental studies. The results indicated that the average drop in the reflected wave amplitude
due to liquid loading is −62.5% compared to the empty container, and a percentage of error in
height estimation was within 10% for all cases. Furthermore, no shift on the arrival time of the
reflected wave from the defect (edge) was observed due to the liquid loading. Finally, the
localized-time frequency components of the reflected wave were obtained via a Short-Time
Fourier Transform technique using MATLAB software. A noticeable reduction in the central
frequency was observed due to the liquid volume increasing. The method discussed herein could
be useful for many applications, where liquid’s parameters or the ultrasonic wave behavior in the
liquid need to be assessed.
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Chapter 1: Introduction

Over the years, ultrasonic waves have gained a great interest in a wide range of fields,
including medical, non-destructive testing, and aerospace applications. The elastic ultrasonic
waves have been widely utilized in many non-destructive testing applications since they can
accurately detect or quantify damages or faults in a structural material or components. The
existence of these waves can be classified into different kinds and modes based upon the motion
of the particles of a material when the material is exposed to the ultrasonic waves. One of the
common types is the surface acoustic wave (SAW), which was first discovered by Lord Rayleigh
in 1885 (also referred to as Rayleigh Wave) that propagates on the surface of isotropic material
and its amplitude exponentially decreases as it propagates through the material depth [1]. This
mechanical wave causes two separate motions on the specimen surface, one with a higher
amplitude occurs in a perpendicular direction to the propagation path of SAW ( out of plane), and
the other particle displacement occurs in the same direction of SAW propagation (in-plane) with
a lower amplitude. For decades, researchers have successfully employed SAWs in many fields,
such as non-destructive testing, biochemical sensors, and microfluidics [2].
There are several ways to generate a SAW on a solid surface; one of the most common
methods is using an ultrasonic transducer that is coupled with an angle beam wedge, which is made
of plastic material. The angle beam wedge is designed to convert the longitudinal wave excited
from the transducer into SAW on a solid surface.
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Experimental and analytical methods have been utilized to study the ultrasonic wave
propagation through or over several materials in order to obtain a solution or understand the
behavior of these waves. With the increase in computer processing, the finite element modeling
technique has presented itself as an excellent choice to provide a viable solution of wave
propagation, particularly in complex geometries, or validate the experimental and analytical results
of wave propagation in various geometries.
The main goals of this dissertation are to conduct a comprehensive 3-Dimensional (3D)
simulation study for utilizing SAW to quantify the bolt tension in a solid bolted joint through a
commercially finite element modeling software (ANSYS) and experimentally study of estimating
the liquid level on a solid surface using SAW.
In the first portion of this dissertation, the finite element modeling approach was employed
to visualize and understand the interaction of SAW propagation with a bolt head and the reflection
with a varying preload ( tight or loose) via using a commercial finite element software package
(ANSYS18.1). The real area of contact under the bolt head is known to increase as the preload
increases in the bolt, causing a change in SAW characterization. From analyzing this change, the
bolt tension can be quantified. The FE simulation enables us to verify the experimental results
obtained. In addition, the simulation contributed to a deep understanding of the interaction between
SAW and the bolt head, especially in the case of a fully loosen bolt where no contact is assumed
between the bolt body, bolt head, and the solid surface. The simulation allows clear visualization
of how some of SAW is reflected back to the source, and some are transmitted through or over the
bolt head as the propagating wave interacts with the bolt head. One of the significant benefits of
conducting this simulation is the ability to choose multiple locations of receivers on the surface to
record the particle displacement over time without affecting the SAW propagation, which is very
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helpful in studying the SAW velocity against a theoretical value or in measuring the distance
between the reflected wave and the source as the preload value is varied.
The second portion of the dissertation focuses on an experimental study for contactless
measurement of liquid level exits on a solid surface using SAW. There are several methods or
techniques that employ ultrasonic waves to estimate the liquid level in the literature; however, to
our best of knowledge, this is the first study that investigates the feasibility of employing SAW to
estimate the liquid level. The SAW propagates close to the free surface of the solid, which means
its energy or amplitude can vary as it interacts with a liquid or other substance on the surface. At
the solid-liquid interface, some of the SAW’s energy leaks into the liquid, causing a decline in the
amplitude of SAW[3-5]. The wave at the interface is known as a leaky Rayleigh wave, which has
been well studied theoretically in literature. In this dissertation, we experimentally investigate the
effect of liquid and its volume on the SAW amplitude and the capability of measuring the liquid
height through analyzing the time domain of the reflected wave from the liquid. The importance
of conducting this study is to understand to what extend the amplitude or time arrival of the SAW
signal is influenced by the liquid existence on the surface since SAW can be used to detect and
quantify defects from a long distance where the liquid may be invisible to an inspector.
1.1 Motivation
The first component of this dissertation is motivated by the need to visualize how the
surface acoustic wave propagates over the surface, how it interacts with the bolt, and how its
reflection varies with varying bolt tension in the bolted joint. Therefore, finite element analysis
software can be a viable option to mimic the surface wave propagation and provide additional
details on the surface wave interaction with the bolt than an experimental study does.
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The second study is motivated by the fact that in many ultrasonic testing studies, the
damage location and the damage severity can be evaluated by analyzing the arrival time of the
signal from the time domain and analyzing the frequency shift (frequency domain), respectively.
The surface acoustic wave (SAW) is mainly used to detect surface defects on engineered structural
surfaces that might be exposed to water or oil drops. Therefore, conducting an experimental study
is essential to determine how the liquid existence on the surface of the specimen to be tested affects
both the arrival time of the signal and its amplitude as well as testing the ability of SAW to measure
the height of the liquid.
1.2 Dissertation Organization
This dissertation is organized in the following manner.
Chapter 2 will focus on the fundamentals of ultrasonic waves, which covers the relationship
between the frequency and wavelength of a signal, the different ultrasonic wave types, the
ultrasonic wave equations in solid media, and the theoretical solution of surface acoustic waves.
Chapter 3 will discuss in detail the previously published works on estimating a bolt tension
using various techniques. This chapter also discussed the previously published works that
employed the FEA approach to obtain the numerical solution of ultrasonic waves. Moreover, it
covers the existence ultrasonic methods to measure the liquid height.
Chapter 4 will contain the simulation of SAW to quantify the bolt tension. Specifically,
modeling the bolted joints, applying boundary conditions, generating the geometry meshing,
specifying the contacts between the bolt body and joint surfaces, and exciting the signal on the
surface of the bolted joints. It will also compare the numerical results with the previously published
experimental results.

4

Chapter 5 will cover the experimental work in detail to study the effect of liquid on the
SAW and the possibility of estimating liquid level on a solid surface using SAW. Specifically, it
discusses the methodology, equation derivations, experimental verification with theoretical values,
and the change in frequency of the signal.
Chapter 6 will discuss a summary and the future work that can be conducted to take the
work presented in this dissertation to the next level.
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Chapter 2: Ultrasonic Acoustic Waves
2.1 Background
The ultrasound represents sound waves that travel through a medium with a high-frequency
range, which is generally higher than the maximum human hearing frequency (~20kHz).
Ultrasound waves have the capability to travel through fluids, gases, and solids, but they cannot
travel through a vacuum. However, the frequency employed in the ultrasonic nondestructive
testing (NDT) varies from 100 kHz to 50 MHz. The ultrasound wave is widely employed in the
NDT since it propagates in a material with a short wavelength, which enables it to detect small
defects inside the material. The basic parameters of the continuous ultrasound waves are the
frequency (), wavelength (), and the wave velocity (C). The relation between these parameters
in a perfectly elastic material is expressed in Equation 2.1. Note that as the frequency increases,
the wavelength decreases, and vice versa. Figure 2.1(a) and (b) show the wave signal with low
frequency and high frequency, respectively.
=

𝐶
𝑓

(2.1)

The propagation velocity of ultrasound depends on the medium properties that it travels
through. For example, in solids, it travels with a higher speed than in fluids. When performing an
ultrasonic examination, the longitudinal or shear waves (transverse waves) are mostly utilized.
Other types of ultrasonic propagation waves can exist, such as surface waves or Lamb waves. In
the longitudinal waves, the particles move in the same direction of its propagation, while in the
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shear wave (also called transverse wave), the particles move perpendicular to the direction of its
propagation.

(a)

(b)
Figure 2.1: Schematic representation of: (a) low frequency signal. (b) high frequency signal.

2.2 Ultrasonic Wave Types
The ultrasonic waves have been widely utilized in nondestructive testing and structural
health monitoring due to their abilities to detect defects as well as to inspect large engineering
structures. The ultrasonic waves can exist in various modes and frequencies and can travel a long
distance in both flat and curved structures with low energy loss [6, 7]. The ultrasonic elastic waves
in solids can be classified into bulk elastic waves and guided elastic waves. Unlike bulk ultrasonic
7

waves, guided elastic waves are dispersive, which indicates that the phase velocity of wave relies
on their frequency. As a result, the group velocity of bulk waves is not equal to their phase velocity.
The guided ultrasonic elastic waves can propagate in solids as elastic surface waves (Rayleigh
wave), which represents a combination of shear and longitudinal waves, Lamb waves, or shear
horizontal waves. Lamb waves are the most complicated type of all since they have two different
modes, symmetric or antisymmetric. Lamb waves can be excited in thin plates (finite plates),
where the plate thickness is much smaller than the wavelength. The surface waves propagate along
the free surface of the solid where the plate thickness is large compared to the wavelength, and the
surface particles move in an elliptical path. The amplitude of the Rayleigh wave decays in the
direction of the plate thickness [6-8].
2.3 Wave Propagation in Solid Media
The study of wave propagation in a solid material is mainly achieved by applying the theory
of elasticity, where the stress and strain of the perfectly elastic solid can be simply related by the
Hook's Law. In an unbounded elastic isotropic solid, the wave propagates as bulk transverse (also
called shear wave) wave and longitudinal wave [8]. The equations of motion (Navier's governing
equations) in the cartesian coordinate for an elastic isotropic solid, in which the body forces are
zero, are defined as [6, 9]:
𝜕 2 𝑢𝑥 𝜕 2 𝑢𝑦 𝜕 2 𝑢𝑧
𝜕 2 𝑢𝑥 𝜕 2 𝑢𝑥 𝜕 2 𝑢𝑥
𝜕 2 𝑢𝑥
( + ) ( 2 +
+
) + ( 2 +
+
)=𝜌
𝜕𝑥
𝜕𝑥𝜕𝑦 𝜕𝑥𝜕𝑧
𝜕𝑥
𝜕𝑦 2
𝜕𝑧 2
𝜕𝑡 2

(2.2)

𝜕 2 𝑢𝑦 𝜕 2 𝑢𝑦 𝜕 2 𝑢𝑦
𝜕 2 𝑢𝑦
𝜕 2 𝑢𝑥 𝜕 2 𝑢𝑦 𝜕 2 𝑢𝑧
( + ) (
+
+
)
+

(
+
+
)
=
𝜌
𝜕𝑦𝜕𝑥 𝜕𝑦 2 𝜕𝑦𝜕𝑧
𝜕𝑥 2
𝜕𝑦 2
𝜕𝑧 2
𝜕𝑡 2

(2.3)

𝜕 2 𝑢𝑥 𝜕 2 𝑢𝑦 𝜕 2 𝑢𝑧
𝜕 2 𝑢𝑧 𝜕 2 𝑢𝑧 𝜕 2 𝑢𝑧
𝜕 2 𝑢𝑧
+
+
)
+

(
+
+
)
=
𝜌
𝜕𝑧𝜕𝑥 𝜕𝑧𝜕𝑦 𝜕𝑧 2
𝜕𝑥 2
𝜕𝑦 2
𝜕𝑧 2
𝜕𝑡 2

(2.4)

( + ) (
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where  and  (shear modulus) are Lame's constants, and  is the material density. The solutions
of these equations lead to the shear wave velocity (Cs) and the longitudinal wave velocity(CL),
which are expressed as [6, 9]:
𝐶𝑠 = √

𝐶𝐿 = √

𝜇
𝜌

(2.5)

 + 2
𝜌

(2.6)

the Lame's constants () and () can be expressed in terms of modulus of Elasticity (E) and
Poisson's ratio (v) as:

=

𝑣𝐸
(1 + 𝑣)(1 − 2𝑣)

=

𝐸
2(1 + 𝑣)

(2.7)

(2.8)

2.3.1 Surface Acoustic Wave (Rayleigh Wave)
In the surface or Rayleigh wave, the upper surface of the isotropic solid is free, and the
particles move only in the direction of propagation (x-axis) and in the perpendicular direction to
the propagation (z-axis), i.e., it polarized in XY plane as shown in Figure 2.2.
By assuming isotropic, homogenous, and linear elastic behavior, the surface wave
propagation equations can be obtained. When the displacement vector (𝑢
⃑ ) is decomposed with
Helmholtz decomposition, in which the displacement vector consists of two components, one for
dilation ()and one for rotation (), as expressed in Equation 2.9, two wave equations are obtained
from the Navier’s governing Equation as expressed in equations 2.10 and 2.11.

9

𝑢
⃑ = ∇(grad ) + ∇ × (rot )

(2.9)

1 𝜕 2
∇ − 2 2 =0
𝐶𝐿 𝜕𝑡

(2.10)

1 𝜕 2
=0
𝐶𝑠2 𝜕𝑡 2

(2.11)

2

∇2  −
where 2 is the Laplace operator.

Figure 2.2: A schematic of Rayleigh wave propagation along the XY plane for a semi-infinite
space.
Through solving Equations 2.10 and 2.11, the phase velocity of Rayleigh wave (CR) is
approximated, and it is only a function of the shear wave velocity (Cs ) and the Poisson’s ratio ()
as expressed in Equation 2.12. Indeed, the Rayleigh wave speed is less than the shear wave speed
and the longitudinal wave speed. The Rayleigh particle motion components also are defined as
expressed in Equations 2.15 and 2.16. Assuming the plane strain condition, the particle motion in
the direction of the wave propagation (u) and in the perpendicular to the wave propagation
direction (w) can be expressed in terms of potentials to solve for wave equations as expressed in
Equation 2.13 and 2.14, considering no motion in the y-direction. Consequently, the Rayleigh
particle motion components can be evaluated in Equations 2.15 and 2.16. More detailed
10

information about solving these equations and the boundary conditions can be found in reference
[6, 9]. In Rayleigh waves, both longitudinal and transverse motions on the surface are traveling at
the same velocity [4].

 0.87 + 1.12𝑣

𝐶𝑅 = √ (
𝜌

1+𝑣

)

(2.12)

𝑢=

𝜕 𝜕
+
𝜕𝑥 𝜕𝑧

(2.13)

𝑤=

𝜕 𝜕
−
𝜕𝑧 𝜕𝑥

(2.14)

𝑢 = 𝐴(𝑟𝑒 −𝑞𝑧 − 2𝑠𝑞𝑒 −𝑠𝑧 ) cos 𝑘(𝑥 − 𝐶𝑅 𝑡)

(2.15)

𝑤 = 𝐴𝑞(𝑟𝑒 −𝑞𝑧 − 2𝑒 −𝑠𝑧 )𝑠𝑖𝑛𝑘(𝑥 − 𝐶𝑅 𝑡)

(2.16)

where u is the displacement of the particles along in the x-direction, and w is the displacement of
particles along the z-direction. A is an arbitrary constant, z is the depth, r is equal to ( 2 −
2
2
2
2
(CR ⁄CS ) ), q is equal to √1 − (CR ⁄CS ) , s is equal to √1 − (CR ⁄CS ) . (CS ⁄CL ) , and k is the
ω

wavenumber (C ) where  is the circular frequency, which is equal to 2f.
R

The particle displacements of the Rayleigh wave take an elliptical path with respect to the
vertical axis since the vertical displacement (w) is larger than the horizontal displacement (u). The
amplitude of the Rayleigh wave attenuates as it travels in the depth of the solid (a distance from
the free surface), as illustrated in Figure 2.2. The motion of particles is counterclockwise near the
free surface of the solid and clockwise below this region (near the surface). Moreover, the Rayleigh
wave is a nondispersive wave, which means its phase velocity does not depend on the frequency,
but it solely depends on the material properties, as can be found in Equation 2.12 [6, 8, 9].
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2.4 Ultrasonic Waves at the Interface Between Two Mediums
The behavior of ultrasonic waves at the interface between two different mediums can be
described by the Snell’s law[9]. It states that as the incident wave traveling in the first medium at
angle θ1 with respect to the normal axis with a speed of v1 reaches the second medium with a speed
of sound v2, the wave either is diffracted or reflected with angle θ2 due to the difference in the
speed of sound between the two mediums as depicted in Figure 2.3. The concept of Snell’s law is
mainly used in chapter 5. The Snell’s law is described by the following equation
𝑣2 𝑠𝑖𝑛(𝜃1 ) = 𝑣1 𝑠𝑖𝑛 (𝜃2 )

(2.17)

Figure 2.3: Schematic illustration of the Snell’s law for two mediums.

2.5 Attenuation of Propagating Ultrasonic Wave
The term attenuation coefficient refers to the reduction in the wave’s amplitude (loss in
energy) as it propagates through a medium. The attenuation can be a result of spreading, scattering
or absorbing. The attenuation coefficient can be beneficial in ultrasonic testes since it can evaluate
some parameters or can predict the damage of the material; for instance, evaluating the grain size
for a polycrystalline material using the attenuation coefficient [10], and evaluating the damage in
steel [11].
12

Chapter 3: Literature Review

This chapter covers three major topics that have been investigated in this dissertation. First,
introducing the previous and existing methods for measuring the bolt tension in the bolted joints.
Second, discussing the simulation of ultrasonic waves through Finite Element Methods (FEA).
Third, discussing liquid loading effect on the ultrasonic wave propagation.
3.1 Bolt Tension Quantification
3.1.1 Introduction
The health of bolted joints depends mainly on the status of the threaded fastener since the
fastener is responsible for holding two structural components together. Therefore, any failure
occurring in the fasteners may lead to a catastrophic failure in the entire engineering structure or
machine. One common problem that bolted joints commonly experience is the loosening of a bolt,
indicating a decrease in the tension force on the bolt, which is equivalent to the clamping force on
the joints. A bolt loosening can take place due to various causes such as the plastic deformation of
the bolted joint components, the slip between the joint parts, and the wear of joint parts [12].
3.1.2 Methods
The bolt tension should be monitored periodically to prevent failure in bolted joints due to
bolt loosening. Various useful techniques were developed over the last few decades to quantify
the bolt tension. These techniques can be classified into two main categories: the techniques
necessitating bolt contact and the contactless bolt measurement techniques. The torque wrench
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technique is the most common method to estimate the bolt tension through applying a wide range
of torque values to clamp the bolt. However, the measurement accuracy of this standard
methodology can be low due to disregarding the friction between the bolt thread and the nut [13,
14]. Another example of a measurement technique that operates by contacting the bolt is the
acoustoelastic effect based method [15]. This technique requires attaching an ultrasonic transducer
to the bolt head to generate a combination of longitudinal and transverse ultrasonic waves that
travel to the bolt end and then reflect to the transducer, as shown in Figure 3.1. By processing the
time of flight (TOF) of wave data, the effective bolt length can be estimated, which then enables
the measurement of the tension force on the bolt based on the acoustoelastic constant of the
material.

Figure 3.1: Acoustoelastic effect based method.
Among the contactless bolt tension quantification techniques, one standard methodology
is the piezoelectric active sensing method [16]. In this technique, two piezoelectric patches are
attached to the top surfaces of both plates of bolted joints, as shown in Figure 3.2. The role of the
first piezoelectric transducer is to generate the ultrasonic wave that travels through the interface
contact between the two plates, while the second piezoelectric transducer is responsible for
14

receiving the propagated wave. The energy of the received wave signal depends on the clamping
force at the interface, which is then analyzed to quantify the bolt tension and identify bolt
loosening.

Figure 3.2: Piezoelectric active sensing method.
Another common method is called Direct Tension Indicator (DTI), where a specially
designed washer with bumps on its surface is placed either under the bolt head or above the nut,
as illustrated in Figure 3.3. These bumps are created in a circular pattern on the washer surface
with a gap between two adjacent bumps for the inspection purpose. The bumps are made of a
material that compresses when it is subjected to a compression force. The basic principle of this
method is that as the tension force on the bolt increases, the bumps compresses. The tension on
the bolt can then be measured via visual inspection or feeler gauge insertion into the gaps [17].

DTI Washer
Figure 3.3: Direct tension indicator method.
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One commercial method consists of integrating a strain gauge to the bolt shank [18], as
shown in Figure 3.4. The internal strain gauge that is bonded to a small hole along the vertical axis
of the bolt can accurately sense the change in the bolt preload. This method provides additional
measurement accuracy of the bolt tension than the torque wrench technique.

Figure 3.4: Strain gauge built in the bolt body.
The possibility of using impedance measurement to examine structural health was
developed by Liang et al. in 1994 [19]. This method requires bonding a piezoelectric material,
which acts as an actuator and sensor, and it is subjected to a certain voltage, on the structural
surface to detect through analyzing the change in electrical impedance using an impendence
analyzer. The existence of flaws in the structure causes the impedance response to be altered
compared to defects free (baseline) structural [20, 21]. Based on this methodology, a spectral
element method in which a piezoceramic patch is bonded on a structure of bolted joints was utilized
to experimentally and numerically detect the damage of the bolted joint. In the case of a loosened
bolt, the electrical impedance changes due to the change in spring stiffness and damping of the
bolted joint [22]. This method utilizes low frequency values, approximately in range of 500 to
16

2500 Hz, due to the fact that the impedance analyzer provides a better accuracy if the frequency is
lower than 2500 Hz [22, 23].The frequency value used in this study was 100kHz and 15 to 30kHz
for lamb wave signal and impendence measurement, respectively [17]. This integration leads to a
substantial improvement in damage detection.
Vibration based methods have the feasibility to examine the health of the bolted joint
through analyzing the vibration signals, which are highly sensitive to any changes occurred to the
bolted joint structures such as a bolt loosening, stiffness reduction in the joint components, or flaws
in the structural. The estimation of the loosening can be based on the received vibration signal
analysis, which mainly focuses on studying the change in the natural frequencies, frequency, and
time [24-26]. To inspect the structural using this method, the use of a hammer, vibrators, or
piezoelectric element is needed [27]. Based on the vibration method, a fixed-free beam that is
connected by a single bolt and double bolt was separately subjected to an impact force aimed to
assess the looseness and tightening of the bolt via analyzing the vibration response [28]. The
authors mainly considered the change in the damping ratio and natural frequency of the structure
with varying the torque on the bolt. The natural frequency had decreased with a decline in the
torque value, whereas the damping ratio had increased [28].
In one recent study, the authors experimentally investigated an alternative method to
quantify bolt tension without contacting the bolt using a synthetic phased-array surface acoustic
wave (SAW) operating at 5 MHz [29]. The SAWs were generated by a linear transducer array that
is located only on one surface of bolted joints. The central hypothesis was that the real area of
contact in a bolted joint increases as the tension or preload is increased, which causes an acoustical
signature that can be easily measured with the SAWs synthetic phased array [29]. The phased array
method is utilized to acquire high-resolution ultrasonic images. The reflection of SAWs created
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by the real contact area between the bolt head and the plate surface is then used to quantify the
tension on the bolt. It was observed that the distance between the transducer and the reflected wave
shortens as the bolt tension increases.
3.2 Finite Element Analysis (FEA)
Engineers and scientists are required to solve the partial differential equations (PDEs)
analytically to understand and quantify the structural, thermal, mechanical, and electrical, etc. the
physical phenomena. However, solving theses partial differential equations can be complicated,
and in some cases, it may be impossible to find the solution. For this reason, using the Finite
Element Method (FEM) technique to numerically solve these equations and obtain an approximate
solution has been utilized in many engineering disciplines for decades. FEM requires dividing a
geometry into many elements that are connected by nodes to obtain a solution. The term Finite
Element Analysis (FEA) refers to the simulation that utilizes FEM techniques for solving the
physical phenomena of a system. The benefit of FEA is helping engineers to reduce the number of
experiments or improve the design of their products at low cost. The use of FEA shows a great
benefit in several areas, such as the aerospace industry, automotive industry, and fluid flow
analysis in pipes. There are many commercial FEA software that enables engineers to solve,
optimize, or improve their engineering models such as ANSYS, COMSOL, and ABAQUS [30].
3.2.1 Ultrasonic Wave Propagation in FEA
In FEA, ultrasonic wave propagation, which is a dynamic problem, can be expressed by
the Equation of motion in the matrix form with an assumption of linear elasticity, as seen in
equation3.1. The Newmark time integration approach is implemented to solve this Equation.
[𝑀]{𝑢̈ } + [𝐶]{𝑢̇ } + [𝐾]{𝑢} = {𝐹}

(3.1)
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where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, F is the vector of
applied force, u is the displacement vector, 𝑢̈ is the acceleration vector, and 𝑢̇ is the velocity vector.
In most commonly used finite element analysis software, two algorithms, explicit or
implicit, are implemented to solve wide variety of engineering problems. The algorithm choice
relies on the nature of the problem. The explicit FEM algorithm is a preferable approach over the
implicit FEM algorithm due to its capability to solve complex models where more contacts and
joints are involved in a short time i.e., reduce the computational cost of CPU. Unlike the implicit
method, the explicit method does not require the numerical solver to invert the stiffness matrix, as
illustrated in Equation 3.1. Thus, the computational time is generally reduced. However, the
explicit algorithm is limited to short transient dynamic problems and is conditionally stable, which
indicates that the integration time step utilized in FEA simulation should be smaller than the critical
time step ( the shortest time that sound wave needs to travel across the element) [31]. The implicit
method, which is unconditionally stable, is commonly utilized in simulating short transient
dynamics. In addition, the time step integration can be used in the implicit full transient method to
solve dynamic problems as in the explicit method [32]. The ANSYS/LS-DYNA is the most
common software that uses the explicit solver to simulate the complex model, such as a model
with a large number of surfaces or parts or a model that has fluid-structure interaction, but the cost
of software is high compared to the ANSYS workbench. The ANSYS workbench, in general, uses
the implicit method, and it offers the explicit dynamic analysis that can be useful in solving the
dynamic problems. However, it does not have the bolt pretension feature that was needed to be
employed in this dissertation. Moreover, the ANSYS/LS-DYNA is not available for academic use
at USF. For these reasons, the full structural transient analysis, where the time step integration
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solver is on, was the best available choice to simulate the quantification of bolt tension in this
dissertation.
The time step and element size for wave propagation must be properly specified to not only
acquire a solution but also to ensure an accurate solution. The time step is calculated based on the
highest frequency of the wave, while the element size is calculated based on the wavelength.
Although the time step and element size should be small for an accurate solution, the computational
cost (time) can be large if they were too small. To be more precise, the computational time
increases when either a large structure is modeled where a high number of elements is required, or
the high frequency is utilized, which requires a very small-time step. More detailed information
about the proper way for time step and element size selection is discussed in Chapter 4.
It can be found in the literature that many researchers have implemented enormous efforts
to simulate different types of ultrasonic waves that propagate in isotropic materials or anisotropic
materials through FEA. The advantage of the ultrasonic wave propagation simulation is not limited
to verify experimental results, but also to visualize its propagation in a complex structure, acquire
its numerical solution when the analytical solution is unavailable, especially for a complicated
structure, or understand its interaction behavior with flaws or defects existing in the tested material.
There are several studies to investigate the ultrasonic wave propagation via FEA software.
An investigation for a 2-D guided wave propagation in two different types of geometries made of
an isotropic material, a thin flat plate, and an annular ring, was performed to verify the accuracy
of the FEA solution [33]. The authors rely on verifying the arrival time of a traveling wave along
the structure and compared to the analytical solution. They concluded that an excellent agreement
between the FEA modeling results and the analytical solution for the two studied geometries was
observed. Furthermore, other authors who have implemented 3-D FEA to investigate the Lamb
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wave propagation between two connected solids with an imperfect contact interface and subjected
to a certain value of pressure were able to observe a good match between the experimental results
and FEA results [34]. In this study, the authors analyzed the FEA results using the Short-Time
Fourier Transform (STFT) technique in order to compare them with experimental results. The
behavior of Leaky Rayleigh wave at a Fluid-Solid interface was simulated using 2-D FEA, aiming
to better visualize and deeply understand how the Leaky Rayleigh wave behaves at the interface
and how it interacts with a subsurface crack and with different types of boundary conditions [35].
For anisotropic materials, several studies were conducted to simulate the Surface Acoustic
wave that propagates along the surface of SAW devices, which are widely used in biomedical
applications and made of a piezoelectric substrate. Most of the published studies implemented a
3-D finite element analysis to study the effect of SAWs design on the insertion loss or the impulse
response. Among these studies, a 3-D finite element analysis of SAWs Hydrogen sensor to
investigate the insertion loss and impulse response [36], SAW that has PDMS channels constructed
on its surface to investigate the effect of sidewall thickens and verify the experiment results [37],
SAW that has a thick ZnO layer to study the device performance [38]. All these simulations were
carried out with the ANSYS software, and the results demonstrated that FEA is an effective and
accurate way to understand the SAW prorogation in piezoelectric materials or verify the
experimental results.
Despite the fact that commercial FEA software provides an accurate numerical solution for
wave propagation problems, most of them do not offer the Perfectly Matched Layer (PML) feature
that is necessary to absorb unwanted reflected waves coming from the structure boundaries to inter
the study area or interact with other reflected waves due to flaws or damages. Due to the absence
of this feature, another concern would be raised, especially when performing a simulation of a
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wave prorogation with a high frequency (i.e., small wavelength) or a simulation for an infinite
structure. As a result, a high amount of computational time will be required, which means the
simulation may take days to be solved or exceed the limit of the available resources of a
workstation (computer) due to the small-time step or small element length. To overcome these
problems, researchers have developed several approaches, including a reduction in simulation time
through estimating the arrival time of wave at the boundaries so the reflection can be avoided [33],
using rounded edges to minimize the effect of reflection [37], implementing multiple absorbing
layers by increasing damping matrix (ALID) around the interested area of study [39] or
implementing absorbing layers using Stiffness Reduction Method (SRM) which requires altering
both mass and damping matrices in Equation (1), but these changes lead to attenuation in the
incident wave [40]. The optimum estimation of absorbing layer thickness relies upon the frequency
and wavelength of the simulated wave, which can be 1.5 of the wavelength. The detailed
procedures of implementing SRM can be found in reference [40].
3.3 The Influence of the Liquid Presence on Propagating SAWs
Surface acoustic waves (SAWs) have been widely utilized to detect surface defects in many
structural health monitoring applications. The propagation of SAWs over a thick solid plate is
highly influenced by the presence of liquid on the surface. Therefore, the estimation of the defect
location or depth can be inaccurate since the output signal includes additional wave packets, which
is caused by the presence of liquid on the surface. In this dissertation, we take advantage of these
spurious wave packets to understand the characteristics of the liquid media. At the solid–liquid
interface, a leaky Rayleigh wave is actuated, which radiates energy into the liquid, causing a
signification drop in the SAW amplitude [3-5]. Due to the difference in the acoustic impedance
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between the solid and liquid at the interface, a refracted longitudinal wave propagates into the
liquid layer until it hits the liquid–air boundary and returns to the solid surface.
The theory of elastic wave propagation along an interface between two media has been
well studied. For instance, Stonely solved the wave propagation along a solid–solid interface
(Stoneley’s waves) [41], whereas Scholte studied the wave propagation along a solid–liquid
interface (Scholte’s waves) [42, 43]. The Rayleigh wave and leaky Rayleigh wave at the solid–
liquid interface were studied [43]. The leaky Rayleigh wave exists at the interface when the
longitudinal velocity of the liquid is smaller than the shear wave velocity in the solid half-space
[44, 45]. The propagation of surface waves along the solid–liquid interface, where the liquid
velocity is higher than the shear velocity in the solid, was investigated theoretically and
experimentally by Padilla for the existence of a surface wave at a plastic–liquid interface [46]. The
multiple pulsed leaky Rayleigh wave component propagation in the liquid layer over an aluminum
plate was experimentally studied, and the velocity of the pulsed leaky Rayleigh wave was found
to be higher than the Rayleigh wave velocity, while the amplitude of the pulsed leak Rayleigh
components was increased [3].
SAW (or Rayleigh wave)-based devices, which are typically made of anisotropic materials
such as LiNbO3, where the SAW characteristics depend on the orientation, have gained
considerable attention [47]. The sensitivity of SAWs to liquid-loading on the SAW devices has
led to a wide range of applications such as liquid shear viscosity measurement [48], glycerin
concentration sensing in a microfluidic channel [49], early ovarian cancer detection [50, 51],
particle and cell separation [52-54], and liquid mixing and pumping in microchannels [55, 56].
Other useful applications of SAWs are quantifying cell growth [57], quantifying bolt tension in
bolted joints [29, 58], and pH sensing in cultures [59]. By contrast, only a few applications have
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taken advantage of the effect of liquid-loading over a solid material (isotropic) on SAWs. One
possible application would be estimating liquid height using SAWs.
In literature, there are a couple of methods for determining liquid height via using a single
or multiple ultrasonic transducer(s), where the basic principle works on the discrepancy in the
acoustic impedance of the two media. In one of the studies, the liquid height was measured utilizing
two ultrasonic transducers coupled to a tank wall. The first transducer transmits the bulk shear
wave that propagates along the solid member in a zigzag path, and the second transducer receives
the reflected wave from the solid–liquid interface. Based on the attenuated amplitude of the signal,
the acoustic impedance of the liquid can be measured [60]. A non-contact ultrasonic PING sensor
was utilized to measure water height with the aid of a microcontroller to calculate the change in
the arrival times of the echoes from water [61]. Another method measured liquid height by utilizing
three transducers; one transmitter was located between the two echo receiving transducers, and
these transducers were encapsulated to overcome the coupling issue. The measurement was
achieved by moving the transducers along the container wall, and a noticeable difference in the
reflected wave energy was observed when the transmitter moved from the above liquid level to the
below liquid level [62].
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Chapter 4: Quantification of Bolt Tension by Surface Acoustic Waves1
4.1 Introduction
As discussed in Chapter 3, a synthetic phased-array surface acoustic wave (SAW) can be
employed to quantify bolt tension. This chapter takes the investigation of this technique to the next
level by exploring the use of ultrasonic waves to quantify the bolt tension via simulating the surface
acoustic wave (SAW) propagation over the bolted joint surface. The 3D simulations were carried
out by a commercially available Finite Element modeling software (ANSYS 18.1). The
simulations were conducted in two main steps: First, applying a preload to the bolt body to simulate
the real behavior of bolted joint under the real conditions; second, exciting the SAWs signal on
the top surface of the bolted joint to reflect from the interface between the bolt head and the top
surface. For a thorough investigation, six separate simulation studies were carried out. Each
simulation has different preload values to understand the influence of preload on the incident wave
amplitude. The preload value was varied between 4 and 24 kN in the steps of 4 kN.
4.1.1 Surface Acoustic Wave Speed
In a perfectly elastic isotropic solid, the longitudinal (CL) and shear velocity (Cs) are related
to the material properties, which can be expressed in Equation 4.1 and 4.2. The approximation of
the Rayleigh wave velocity (CR), which depends on the shear wave speed and the material
properties, can be expressed in Equation 4.3 [6]:

1
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𝐶𝐿 = √

𝐸
𝜌(1 − 𝑣)

(4.1)

𝜇
𝜌

(4.2)

𝐶𝑆 = √

𝜇 0.87 + 1.12
𝐶𝑅 = √ (
)
𝜌
1+

(4.3)

where E is the elastic modulus,  is the density, µ is the modulus of rigidity, and  is the Poisson
ratio.
4.2 Simulation Work
4.2.1 Initial Simulation Studies
In order to understand and verify the behavior of SAW propagation on a flat plate, a 40
mm thick, 130 mm long, and 100 mm wide plate without any holes or bolts was simulated in a
commercially available finite element software (ANSYS Inc., Release18.1, Canonsburg, PA,
USA). The plate is taken as steel with Young′s modulus of 200 Gpa, Poisson′s ratio of 0.33, shear
modules of 76.9 Gpa, and density of 7850 kg/m3 [63]. For more consistent meshing control, the
top surface was sliced to 3mm in depth, and then the two slices were consolidated with a bonded
contact to be as one part[37]. The incorporation of slices not only allows the localization of a dense
mesh for the top surface and less dense mesh along with the remaining thickness of the plate, but
it also allows for reducing the computational time to solve the finite element (FE) model since the
number of nodes is significantly decreased. Initially, a single nodal point on the upper left surface
was selected to represent a single transducer to excite the wave. However, we observed that the
generated wave is circular, which leads to undesirable and non-realistic reflections from the plate
sides. These reflections interacted with the incident wave, making the results more complicated to
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analyze. For this reason, twelve evenly distributed point sources near the upper left end of the plate
were selected to excite SAW, where each point source represents a single transducer. The
generated wave is a straight line when it leaves the source and becomes a curved line as it travels
far from the source, similar to our experimental observations. However, large plates necessitate
additional point sources to excite a particular wave mode and reduce the noise level [64]. In
addition to twelve transmitting point sources, evenly spaced three receivers were introduced to the
model. These are nodal points that are located at the top surface of the plate. Both the left and right
end of the plate had a fixed boundary condition. Figure 4.1 illustrates the geometrical details and
boundary conditions of the initial verification studies.
The main goal of the initial simulation studies was to obtain the Rayleigh surface wave
velocities at each receiver and validate them against the theoretical value reported elsewhere. This
was achieved by obtaining the zero-crossing time of the wave at each receiver. Another goal of the
initial simulation studies was to obtain the length of time that the surface wave needed to travel
from the wave source to the right end of the plate and verify it with the theoretical time. By
knowing the entire time needed for the input signal, unwanted reflections from the far end of the
plate can be avoided, and the computational time needed can be reduced [33]. Most FEA
commercial software lacks a perfectly matched layer (PML), which is essential for absorbing or
attenuating propagating waves and hence preventing them from being reflected in the study area.
In this study, the study area is located between the source and the bolt, where the reflected wave
from the bolt mainly takes place. Instead of using absorbing layers, the total duration of simulation
and undesirable reflection from the plate boundaries were reduced and minimized by determining
the arrival time of the wave to the far end of the plate, as well as increasing the plate width. Thus,
the computational time of the simulation is significantly reduced.
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Figure 4.1: Schematic representation of the top surface of the plate, including the locations of
the three receivers and twelve transmitting point sources. All dimensions are in mm.

4.2.2 Preload Analysis
The bolt pretension simulation study aims to replicate the real behavior of bolted joints
after applying a particular preload value on the bolt body. Typically, the preload on a bolt occurs
when applying the torque to either the bolt head or the nut. There is a directly proportional
correlation between the torque and preload on a bolt: The higher the applied torque to bolt, the
higher the preload is on the bolt and vice versa. However, the preload magnitude not only depends
on the applied torque, but also on other important factors such as the bolt diameter, the friction
coefficient between the bolt body and plate surfaces, and bolt thread geometry [65]. The preload
and torque relationship is described by the following Equation:
𝑇 = 𝐾𝐹𝑑

(4.4)

where T is the applied torque, F is the preload, d is the bolt diameter, and K is the nut factor. The
estimated range of K value is 0.10~0.2 depending on the type of lubricant, size of bolt, and bolt
material [65]. In this study, K = 0.18 was utilized [29]. To avoid the plastic deformation on the
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bolt, the applied preload on a bolt should not exceed the maximum allowable limit. Thus, the
maximum allowable preload can be estimated using Equation [65]:
𝐹𝑖 = 0.75𝐴𝑡 × 0.85𝑆𝑦

(4.5)

where Fi is the maximum allowable preload (Figure 4.2), At is the tensile stress area, which is a
function of thread pitch, Sy is the yield strength of the bolt, and d is the nominal bolt diameter. In
this study, a standard medium carbon steel bolt and nut with a 10 mm nominal diameter were
imported from the commercially available CAD software library, Inventor Autodesk 2018. Based
on the bolt material and nominal diameter, the value of Sy and At are 640 N/mm2 [66] and 57.1
mm2, respectively. After substituting all values into Equation 4.5, the maximum allowable preload
that the bolt can withstand is obtained as 23.3 kN, and it is rounded up to 24 kN. By substituting
this value into Equation 4.4, the maximum allowable torque on the bolt is 43 N.m. For comparison
purposes, six values of preload were utilized in this study. The preload values varied between 4
and 24 kN in the steps of 4 kN.

Figure 4.2: Illustration of the stress-strain diagram that shows the maximum preload on a bolt.

To properly perform a bolt pretention analysis in ANSYS, the type of contact between
bolted joint parts should be carefully selected. These contacts represent how each part moves
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relative to other parts. The coefficient of friction, Cf , is assumed to be 0.2 for all frictional contact
types [67]. Table 4.1 shows the details of the contacts used in this study.
Table 4.1: Contacts set-up between the bolt and plate.
Target Surface

Source Surface

Contact Type

Clearance Hole

The Bolt Body

Frictional with Cf = 0.2

Top Surface of the Plate

Bottom Surface of the Bolt Head

Frictional with Cf = 0.2

The Bolt Body

The Nut Inner Surface

Bonded

Bottom Surface of the Plate

Top Surface of the Nut

Frictional with Cf = 0.2

ANSYS 18.1 offers the bolt pretension feature as a boundary condition that applies to both
static and transient structural analyses. This boundary condition is essential for obtaining the real
behavior of bolt in joints since it offers five different types of loading on the bolt body. These types
of loading are load, adjustment, lock, open, and increment. In the structural analysis, this study
utilized two steps in the boundary condition. The first step was to simulate the assembly of joints
by applying a load on the bolt body as a preload. The second step was to simulate the real behavior
of a joint under real conditions by applying a lock on the bolt [68]. From this analysis, the
adjustment value (the change in the bolt length) was obtained. This is used in the first step of the
transient analysis.
4.2.3 Transient Simulations
The 3-D transient simulations were performed in two main steps: First, the adjustment
value on the bolt body was applied, followed by locking the bolt to simulate the bolted joints
behavior; then, applying a displacement load that acts perpendicular to the top surface of the plate
at the twelve point sources. Before running the simulation, the basic parameters of a continuous
ultrasound wave were defined for simulating the real behavior of waves in a solid material. The
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first parameter is the Rayleigh wave propagation speed, CR, that mainly depends on the mechanical
properties of the material, and it can be estimated using Equation 4.3. The second parameter is the
wavelength (), which is equal to the ratio of the ultrasonic wave speed (CR) to the frequency ()
in a perfectly elastic material λ = 𝐶𝑅 ⁄𝑓. By utilizing the material properties for steel and Equation
4.3, the Rayleigh wave speed (CR) was found to be 2917.58 m/s. The corresponding wavelength
for this wave speed and the central frequency of interest (100 kHz) was obtained as 29.1 mm,
which was rounded to 29 mm.
In order to achieve an accurate solution of ultrasound wave propagation using the finite
element analysis (FEA), an adequate temporal and spatial discretization is required. A precise time
step, t, is needed to model the temporal behavior of the wave propagation and should be smaller
than the critical time step. A proper element size should be selected for solving the wave
propagation spatially. In general, the smaller the time step and element size, the higher is the
solution accuracy[33]. Although the solution accuracy improves with a smaller value of the time
step and element size, unnecessarily small values necessitate significantly increased computational
time. For these reasons, it is generally recommended to use 8 to 20 elements per wavelength [33,
69, 70], and 10 to 20 points per cycle of the highest frequency for the time step [33, 34]. In this
study, the time step and the element size were evaluated using Equations 4.6 and 4.7.
∆𝑡 =

1
20𝑓𝑚𝑎𝑥

(4.6)

𝜆𝑚𝑖𝑛
10

(4.7)

𝑙𝑒 =

where fmax is the maximum frequency, le is the element size, and min is the shortest wavelength. In
the case of this simulation, the wavelength was found to be 29 mm. Thus, the estimated values for
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time step and element size were obtained from Equation 4.6 and 4.7 as 0.5 µs and 2.9 mm,
respectively.
In a finite element analysis, a surface acoustic wave can be produced in an elastic solid by
either a localized impact on the surface or by a piezoelectric transducer. The loading condition of
the elastic wave excitation in FEA can be achieved either by applying a force on the surface [71,
72] or a nodal displacement [33, 73]. In a real-life application, the surface acoustic wave is excited
on the test specimen by using an angle beam transducer, a normal beam transducer, or a comb
transducer. The angle beam transducer is the most efficient technique for producing the surface
waves since it requires only one angle for all frequencies. The wedge material of an angle beam
transducer with an incident angle of 58.42° produces surface waves which propagate with an angle
of 90° on the surface of the test specimen(steel) [9]. Here, for excitation of the SAW, a
displacement load in Z-direction (perpendicular to the wave propagation direction) at 12 excitation
source points was applied. These are located on the top left surface. The loading function was
based on a 100-kHz 2-cycle Hanning- window tone burst that was obtained from Equation 4.8 [6]:
𝑧(𝑡) =

1
2𝜋𝑡
)] ∗ 𝑠𝑖𝑛(2𝜋𝑓𝑡).
[1 − 𝑐𝑜𝑠 (
2
𝑇𝐻

𝑡 ∈ [0, 𝑇𝐻 ]

(4.8)

where  is the modulation frequency, t is the time, TH is the number of cycles divided by the
frequency. Substituting the time step of 0.5 µs, the frequency of 100 kHz, and several cycles of 2
into Equation 4.8, the time function of the input signal is obtained, as shown in Figure 4.3. Figure
4.3a illustrates that the input signal completes two cycles in 20 µs, and after this time, the
displacement should be set to be zero. The total duration time of the simulation, 60 µs, was selected
based on the initial simulation results that showed the incident wave reaching the far end of the
plate at the time of 60 µs. A 42 ns (0.042 µs) time step was taken between 20 and 60 µs to record
additional data of the wave amplitude; hence, an accurate comparison can be achieved.
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(a)

(b)
Figure 4.3: (a) The time domain of the excitation signal. (b) the frequency spectrum of the
excitation signal obtained by FFT.
The mesh parameters were selected to characterize the surface wave propagation on the
plate surface accurately. In all sets of simulations, the hexahedral element type and tetrahedral
element type were chosen for the plate and the bolt, respectively as shown in Figure 4.4c. The
mesh element size, 2.9 mm, was evaluated using Equation 4.7 to solve the wave propagation
spatially. The mesh quality is a critical aspect in computing and solving the FEA model correctly,
and it should be analyzed in each simulation.
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(a)

(b)

(C)
Figure 4.4: (a) Schematic representation of the bolted joint geometry. (b) the top view of the
geometry, including the receiver locations and the reflected wave propagation path. (c) 3D
geometry showing the mesh. All dimensions are in mm.
There are three key mesh statistics that can be checked in ANSYS, which are skewness,
orthogonal quality, and element quality. In this study, the average value of orthogonal quality,
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element quality, and skewness were 0.9, 0.84, and 0.1, respectively. The excellent values should
be 0.95 for the average orthogonal quality, and greater than 0.3 for element quality, and be less
than 0.25 for the average skewness[37]. Figure 4.4 a illustrates the geometry details, and Figure
4.4 b shows the top view of the top surface of the plate, including the location of the receivers, the
excitation points, and the reflected wave propagation path.
4.3 Results and Discussion
4.3.1 Verification Studies
The goal of initial verification studies is to simulate the SAW propagation on a plate
without a hole or a bolt and then verify the SAW propagation velocity and its central frequency.
For verification purposes, three receivers along the direction of wave propagation (X-axis) were
located on the plate surface, and the displacement response of each receiver was recorded. The
distance between each receiver (R1, R2, and R3 as illustrated in Figure 4.1) and the SAW source
are 20.22, 40.44, and 60.667 mm, respectively. Figure 4.5 a shows the response of each receiver
(displacement in the Z direction) and the time of zero-crossing for the three signals to verify the
phase velocity based on a zero-crossing algorithm using Equation 4.9 [74, 75].
𝑥𝑖+1− 𝑥𝑖
𝑡(𝑖+1)𝑚 − 𝑡𝑖𝑚

(4.9)

where ∆𝑥𝑖 is the distance between two receivers and ∆𝑡𝑖𝑚 is the delay time calculated for the zerocrossing point in the same phase for the two signals, as illustrated in Figure 4.5. The results of
phase velocity that are obtained from Equation 4.9 and the theoretical phase velocity of the incident
signal calculated from Equation 4.3 are listed in Table4.2. It can be observed from the Table4.2
that the error between the theoretical and simulated phase velocity is reasonably small (less than

35

0.4% for all cases studied). Furthermore, to verify the frequency of SAW, the Fast Fourier
Transform (FFT) of the obtained signal was taken to convert the time domain of the signal into a
frequency domain [76]. Figure 4.5b illustrates the frequency domain of the signal response at R3.
It is worth noting that the central frequency is almost 100 kHz, which is in good agreement with
the central frequency of the incident wave.

(a)

(b)
Figure 4.5: (a) Displacement responses in Z-axis for the three receivers R1, R2, and R3 as
illustrated in Figure 4.1. (b) Frequency spectrum for R3 in Z-axis obtained by FFT.
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Table 4.2: Phase velocity verification.
Theoretical Value

Simulated Value

Error

(m/s)

(m/s)

(%)

R1&R2

2917.58

2905.6

−0.4

R2&R3

2917.58

2926.48

0.3

R1&R3

2917.58

2916.01

−0.05

𝑪𝒑𝒉𝒂𝒔𝒆

∆𝒙𝒊
=
∆𝒕𝒊𝒎

4.3.2 A Comparison Between No Hole and Fully-loosened Bolt
As discussed in the previous section, two sets of simulation studies were conducted: (a) A
plate with no hole or bolt; (b) a bolted plate having all components of the bolted joint. In the bolted
plate simulation, the four contacts between the bolt and plate were removed to simulate the fully
loosen bolt case. Figure 4.6 illustrates the displacement response in the Z-axis for both cases under
the same boundary conditions. These responses were recorded using one receiver near the SAW
source. It can be observed in Figure 4.6 b that there is a noticeable difference between the two
amplitudes, particularly between the time of 40 and 60 µs due to the reflected wave propagation
from the hole toward the source in case of the entirely-loosened bolt. Expectedly, this reflection is
not observed for the plate without the hole in the design.
To provide better visualization of the impact of removing the contacts between the bolt and
plate on the propagation of SAWs, a comparison between bolt under a 4KN preload, where the
contacts are applied as previously discussed, and fully-loosened bolt is performed, as shown in
Figure 4.7. It can be clearly observed that as the wave approaches the bolt head at time 35µs, some
reflected wave (due to the hole) moves toward the source, which causes the propagated wave
toward the bolt to be attenuated. Additionally, the propagated wave is not transmitted through the
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bolt head in this case. Instead, it travels through and around the hole, as shown in Figure 4.6a. In
contrast, some of the waves are transmitted through the bolt head in the case of 4KN preload, and
no reflection can be observed at this time, as shown in Figure 4.7 b. Certainly, that has occurred
due to the friction applied between the bolt body, bolt head, and plate surfaces, which contributes
to a delay in the reflection from the hole. The traveling of the wave along the bolt head is owing
to the acoustic impedance of the bolt and plate material are approximately the same.

(a)

(b)
Figure 4.6: (a) Displacement responses in Z-axis for no hole and fully-loosened bolt cases. (b)
Zoomed-in view between the time of 30 and 60 µs for no hole and fully-loosened bolt cases.
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(a)

(b)
Figure 4.7: (a) Displacement responses in Z-axis for a fully-loosened bolt case at time 35µs
(contacts are removed). (b) Displacement responses in Z-axis for the bolt under 4KN preload
at time 35µs.
4.3.3 Detection of Wave Reflection
Based on the visual observation of the incident wave, which propagates in the positive xdirection after the excitation, the major reflection, which propagates in the opposite direction of
the original wave propagation (−X direction), occurs when the incident wave completely passes
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the bolt head approximately at the time stamp of 42 µs. However, detecting the exact time of the
major reflection in the time history of the wave signal for any receiver requires placing one
additional receiver -R4- before the receiver -R5- with a very short distance between the two
receivers, as illustrated in Figure 4.4b. The inclusion of the additional receiver in the analysis not
only enables distinguishing between the incident wave and the reflected wave from the bolt but
also enables implementing an accurate comparison when different preload values are applied to
the bolt. Figure 4.8 shows the time history of the wave at the two receivers. It can be noted that
between time 15 and 46 µs, the wave passes the R5 after passing the R4. After 46 µs, the wave
passes R5 earlier than R4, which indicates that the wave is traveling in the opposite direction (due
to reflection). It can also be observed that there is a slight increase in the amplitude of the primary
receiver at time 35 µs, which might be due to the reflection from the bolt, which adds with the
incoming wave constructively.

Figure 4.8: Time history of the 4kN signal that passes two neighboring receivers which are
located before the bolt along the bolt center.
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4.3.4 Particle Motion Along the Reflected Wave Propagation Path
The goal of the reflected wave particle motion investigation is to understand the wave
reflection behavior with varying the preload on the bolt. As previously discussed, the major
reflection takes place after time 42 µs. Therefore, this study created a 41 mm-long path. This path
is located between the bolt and the source, consisting of 50 segments, as shown in Figure 4.3b.
The direction of this path is in the negative X-direction (reflected wave direction). The particle
movement of the path in Z-direction for the five preload values was recorded from time 42 to 50
µs. Figure 4.9 a shows the wave patterns reflected from the bolt at the time stamp of 46 s. The
displacement of the path at 46 µs was chosen for a better illustration of how the reflection varies
as the preload value increases, as shown in Figure 4.9 b. It can be observed from this figure that
as the preload increases, the width of the reflection wave increased. It can also be observed that
the reflection amplitude increases as the preload increases. There are four zero-crossing points
along this path. The last zero-crossing point was chosen for comparison as it was the nearest point
to the source. The distance of zero-crossing from the source for each preload is listed in Table 4.3.
It can be observed that the zero-crossing of the higher preload of 24 kN has the shortest distance
to the source, while the lower preload of 4 kN has the longest distance to the source. The difference
in the distance between the lower and higher preload is approximately 1.9 mm. Figure 4.9 c
illustrates the average of the reflected wave amplitude between 42 and 50 µs along this path. It can
be observed that the reflected wave associated with the higher preload has a higher amplitude
average as the wave approaches the source. Table 4.3 also shows that the relationship between the
reflection location and the preload is nonlinear, as has been predicted by our earlier study [29].
Furthermore, a slight difference in the wavelength was observed in all five preload cases studied,
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as shown in Table 4.3. Estimating the location of the first reflected wave has the potential to
quantify the bolt tension.

(a)

(b)

(c)
Figure 4.9: (a) The reflected waves from the bolt at time 46 µs. (b) The displacement in Zdirection along the reflected wave path at time 46 µs before the bolt. (c) The average
displacement in Z-direction along the path between time 42 and 50 µs.
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Table 4.3: The distance of zero-crossing of each preload from the source and the
corresponding wavelength. All dimensions in mm.
Preload (kN)

4

8

12

16

20

24

Torque (N.m)

7.2

14.4

21.6

28.8

36

43.3

Distance from the source

17.4

16.7

16.4

16.2

15.9

15.5

Wavelength ()

22.31

22.25

25.23

25.12

25.23

25.5

4.3.5 Time History of the Reflected Wave Near the Bolt
A comparison of varying the preload on the SAW propagation and reflection wave
characteristics involves three necessary steps: (1) Recording the time history of the signal for each
preload at the receiver -R5-, as illustrated in Figure 4.4b; (2) locating the reflection zone which
was found to be after 42 µs ; (3) measuring the difference using one preload case as a reference.
Figure 4.10 shows the results of the three steps followed to investigate the effect of preload on
wave propagation and reflection. It can be observed from Figure 4.10b that as the preload
increases, the reflection amplitude increases. For this reason, the 4 kN case was taken as a reference
for measuring the difference in the third step. It can also be noted that the phase of reflection wave
shifts to the left as the preload increases, particularly at 46 µs. As a result, the peak amplitude of a
higher preload occurs earlier than the lower preload, as was also observed in our earlier study [29].
The most considerable difference in time, 0.5 µs, exists between the higher and the lower preload.
Figure 4.10 c shows the amplitude difference from 40 to 60 µs, which is obtained from Equation
4.11
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐴𝑖 − 𝐴4𝑘𝑁

(4.11)
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where Ai is the amplitude of each preload, A4kN the reference amplitude (4 kN). It can be noted in
Figure 4.10 c that the maximum difference is found at time 46 µs, where the phase shifting of
reflected wave occurs.

(a)

(b)

(c)
Figure 4.10: (a) Time history of the propagating wave for all preload values. (b) Zoomed-in
view of the reflection zone, located between 40 and 60 µs. (c) The differential representation
of all preload cases with 4 kN case as the reference.
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4.3.6 Simulation and Experimental Comparison
In a previous experimental study, the authors employed a 5 MHz ultrasonic transducer,
which was connected to a judiciously designed ultrasonic wedge to create surface waves
propagating on the steel test specimen [29]. In order to obtain a higher resolution ultrasonic image,
a synthetic phased array system was utilized. This system is simply formed by precisely moving
the transducer linearly with a known pitch. The synthetic phased array system simulated a total of
50 elements in an array, which was aimed to generate an acoustic beam. The bolted joints used in
the experimental setup were a 12.7 mm thick 1018 steel plate, a 6.4 mm grade 8 bolt, and a 19 mm
stainless steel washer. The transducer was placed on the top surface of the 1018 steel bolted joint
from a distance of 29 mm from the bolt. During the experiments, five bolt tension values, similar
to those presented in this study, were applied to the bolt for comparison. The bolt tension values
are indirectly related to the applied torque, as expressed in Equations 4.4 and 4.5. By analyzing
the reconstructed ultrasonic images of SAWs for the different torque values, it was observed that
as the applied torque increased, the distance of the first reflected wave from the bolted joint
received by the transducer decreased. It should be highlighted that the same finding was observed
in this simulation study presented here, as discussed in section 4.3.4. Figure 4.11 illustrates the
experimentally obtained distance of the first reflected wave from the transducer as a function of
the applied torque. As shown in Figure 4.11, the longest distance of 27.9 mm observed corresponds
to the lowest torque value (3.61 N.m) from the transducer, while the shortest distance of 27 mm is
for a torque value of 10.31 N.m [29].
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Distance from transducer
(mm)

28
27.8
27.6
27.4
27.2
27
26.8

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5

Applied Torque (N.m)

Figure 4.11: The experimentally obtained distance of the first reflected wave from the
transducer as a function of the applied torque.
In order to make a fair comparison between the simulation and experiment results, three
torque values were normalized to the maximum applied torque for each case. For instance, the
three selected torque values from the experiment are 3.61, 7, and 10.39 N.m. Normalizing these
values to the maximum torque applied (10.39 N.m) resulted in 34%, 67%, and 100%. The three
equivalent torque values from the simulation that lead to the same percentages are 14.4, 28.8, and
43.3 N.m. The simulated and experimentally observed shift from the maximum allowable torque
are listed in Table 4.4.
Table 4.4: The simulated and experimentally shift from the maximum allowable torque.
34%

67%

100%

Simulated shift from the max. allowable (mm)

1.2

0.7

0

Experimental shift from the max. allowable (mm)

0.9

0.8

0

The values in Table 4.4 are obtained by subtracting the positions of the first reflected wave
for each applied torque that are shown in Table 4.3 and Figure 4.11 from the position of the first
reflected wave associated with the maximum torque. It can be observed that there is an excellent
agreement between the simulation and the experimental results with just a few millimeter
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differences between the two studies. It should be pointed out that the discrepancy between the
simulation and experiment results can be due to several factors, such as the difference in the wave
frequency studied, the bolt size, the bolt material, or the plate thickness.
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Chapter 5: Contactless Liquid Height and Property Estimation Using Surface Acoustic
Waves2
5.1 Introduction
The advantages of employing SAWs in detecting surface flaws are that they propagate
close to the free surface of a specimen, are easy to excite and record, and are less complicated
compared to other types of ultrasonic waves [6, 9, 77]. The proposed method to measure liquid
height via SAWs is simple, fast, and inexpensive. Moreover, the proposed methodology has the
capability to measure a small amount of liquid on a solid surface, such as a spill from a distance,
with a small error. The measurement can be achieved by exciting the SAW through an off-shelf
piezoelectric transducer connected to the angle beam wedge. The wave reflected from the liquid
propagates back towards the transducer, and the received signal is recorded via an oscilloscope.
Performing a thorough analysis of the time domain response of the received signal determines the
arrival time of the leaky Rayleigh wave from the solid–liquid interface and the arrival time of the
reflected wave from the top surface of the liquid. In the final step, a height equation that is derived
from Snell’s law and the liquid proprieties can be utilized to accurately find the height.
There are two primary aims of this study. The first goal is to investigate the effect of liquid
loading on the propagating SAWs over a solid surface and how the reflected wave from a defect
changes due to the existence of liquid media in the propagation path. The second aim is to
investigate the capability of measuring the liquid level that is present on the specimen’s surface

2
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via SAWs. Understanding how a liquid influences the SAW signal is essential when the SAWs are
utilized in a structural health-monitoring application. It is also vital to estimate the liquid properties
if the height and surface parameters are known.
5.2 Methodology
5.2.1 Operation Principle
When the surface acoustic wave (SAW) arrives at the first point of contact between the
liquid and solid surface, some energy radiates into the liquid due to the difference in the acoustic
impedance between the two media. The acoustic impedance strongly depends on the density and
velocity of the medium, where the density is much higher in solids than in liquids.
𝑍 = 𝜌𝑐

(5.1)

where Z is the acoustic impedance (rayl/m2),  is the density of the medium (kg/m3), and c is the
sound speed through the material (m/s). The reflection coefficient can be expressed in Equation
5.2 [9]:
𝑅=

𝜌2 𝐶2 − 𝜌1 𝐶1
𝜌1 𝐶1 + 𝜌2 𝐶2

(5.2)

Along the liquid–solid interface, the wave propagates as a leaky Rayleigh wave (LRW)
with a higher velocity compared to the SAW (Rayleigh wave), and its amplitude decays, since
energy continues radiating into the liquid [3-5]. Due to the difference in the speed of sound
between the liquid and leaky Rayleigh wave, the wave at the interface is refracted from the solid
to the liquid at angle θ1 with respect to the normal axis. Besides, the shear wave cannot be
supported in the liquid layer [9].
The leaky Rayleigh wave velocity, which depends on the types of the two materials at the
interface, can be found through experimentation. For example, the speed of sound was
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experimentally measured for the air–aluminum interface as 2964 m/s, whereas the SAW for
aluminum is 2952 m/s [3]. In this study, we experimentally obtained the leaky Rayleigh wave
velocity, which is presented in the experiment results section.
The refraction angle θ1 can be estimated by substituting the longitudinal wave velocity of
deionized water (CLw), the leaky Rayleigh wave velocity (CLR), and the propagation angle of the
SAW (θR) into Snell’s law.To find the refraction angle at the solid–fluid interface (θ1), Equation
5.3 can be utilized. The theoretical value of CLw at a temperature of 20 °C, CLR, and θLR are 1480
m/s, 2975.3 m/s, and 90°, respectively. By substituting these values into Snell’s law, as illustrated
in Equation 5.3, we get:
𝐶𝐿𝑅 𝑠𝑖𝑛(𝜃1 ) = 𝐶𝐿𝑤 𝑠𝑖𝑛 (𝜃𝐿𝑅 )

(5.3)

2975.3 𝑠𝑖𝑛(𝜃1 ) = 1480 𝑠𝑖𝑛(90)

(5.4)

𝜃1 = 29.83°

(5.5)

Once the refracted wave in the liquid reaches the liquid–air boundary, it is reflected with
angle θ2 with respect to the normal axis at the interface due to the large difference in the speed of
sound for the two media. Hence, no refraction occurs into the air, and Snell’s law can no longer be
satisfied. The critical incident angle of liquid can be obtained by substituting θair = 90° and CLw
and Cair into Snell’s law. The critical incident angle of the liquid can be obtained by substituting
θair = 90°, CLw, and Cair into Snell’s law, as in Equation 5.6:
𝐶𝑎𝑖𝑟 𝑠𝑖𝑛(𝜃𝑎𝑖𝑟 ) = 𝐶𝐿𝑊 𝑠𝑖𝑛(𝜃𝑐𝑟𝑖𝑡𝑐𝑎𝑙 )

(5.6)

343 𝑠𝑖𝑛(90) = 1480 𝑠𝑖𝑛(𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 )

(5.7)

𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 13.40°

(5.8)
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If the incident angle from the liquid is higher than the critical angle, the wave will be
reflected entirely at the liquid–air interface, as illustrated in Figure 5.1 a. If the incident angle from
the liquid is equal to the critical angle, the refracted wave travels parallel to the interface between
the air and liquid, as shown in Figure 5.1 b. In this study, as the θ1 >> critical, the wave will be
reflected with angle θ2, which is equal to θ1, as illustrated in Figure 5.1 a.

(a)

(b)
Figure 5.1: (a) Schematic representation of a wave traveling in the liquid when the reflected
angle at the solid–liquid interface is larger than the critical angle. (b) Schematic representation
of a wave traveling in the liquid when the reflected angle at the solid–liquid interface is equal
to the critical reflected angle.

5.2.2 Liquid Height Estimation
The liquid height can be estimated by using the arrival time of the leaky Rayleigh wave
(tA), which occurs at the solid–fluid interface, and the arrival time of the reflected wave from the
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top surface of the fluid (tB). Besides these values, the theoretical speed of sound for the fluid and
the refraction angle at the interface (θ1) are used in determining the liquid height.
Since the liquid is held in a finite container, two cases are expected to exist, as shown in
Figure 5.2. The first case occurs when the propagating wave in the liquid hits the liquid–air
boundary and reflects directly to the solid–liquid interface. By contrast, in the second case, the
reflected wave hits the container edge before reaching the solid–liquid interface. These two cases
rely mainly on the ratio of the liquid height to the particular container dimensions. Based on the
calculation of incident angle θ1, θ3, and the geometric dimensions of the container, the first case
occurs if the height is approximately in the range of (0 < h < 0.86 L). By contrast, the second case
occurs if the height is higher than 0.86 L.

(a)

(b)

Figure 5.2: (a) Schematic representation of a wave traveling at a different level of liquid,
including the critical case, which occurs at h < 0.86 L (first case). (b) Schematic representation
of a wave traveling in the liquid when the liquid height is higher than 0.86 L (case 2).
The total distance the propagating wave travels in the media is S1 + S2, as illustrated in
Figure 5.2 a. S1 and S2 are the distances traveled by the incident wave from the solid–liquid
interface (upward) and liquid–air interface (downward), respectively, and L is the actual length of
the container. Since the incident angle from the liquid (θ1) and the reflected angle at the liquid-air
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interface (θ2) are equal, S1 = S2. For the experimental tests, the total distance traveled by a
propagating wave in a medium can be expressed as:
𝑆1 + 𝑆2 = 𝐶𝐿𝑤 × (𝑡𝐵 − 𝑡𝐴 )

(5.9)

where tB is the arrival time of the reflected wave from the liquid–air interface, and tA is the arrival
time of a leaky Rayleigh wave at the solid–liquid interface. For accuracy purposes, both arrival
times should be chosen at the same phase. By substituting S1 = S2 into Equation 5.9, we get
2𝑆1 = 𝐶𝐿𝑤 × (𝑡𝐵 − 𝑡𝐴 )

(5.10)

From the geometry, the liquid height can be determined as:
𝑆1 =

ℎ
𝑐𝑜𝑠(𝜃1 )

(5.11)

Substituting Equation 5.10 into Equation 5.11, we get:
𝐶𝐿𝑤
(5.12)
× (𝑡𝐵 − 𝑡𝐴 ) × 𝑐𝑜𝑠 (𝜃1 )
2
As can be observed from Equation 5.12, the liquid height is a function of CLw, the traveling time,
ℎ=

and the incident angle at the solid–liquid interface.

5.2.3 The Derivation Equation for the Second Case When h > 0.86 L
Equation 5.12 can no longer be applicable if the incident wave reflected from the liquid–
air interface will hit the container edge at some height before it is reflected toward the solid surface
with an incident angle of θ3, and it travels a distance of S3. Therefore, the total distance traveled in
the liquid is S1 + S2 + S3, as shown in Figure 2 b. The angle θ3 is measured by substituting the
longitudinal velocity of the PLA container, which is experimentally determined to be between
2200 m/s and 2300 m/s, depending on various conditions [78], the velocity of the liquid, and angle
θ2 into Snell’s law. The obtained angle θ3 is 50.7° when using the velocity of 2300 m/s.
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The error in the height measurement will be high if Equation 5.12 is utilized since the S3
value is neglected. Hence, a modification of Equation 5.12 should be implemented to improve the
accuracy of the height measurement. Through analyzing the vector (S1, S2, S3) components with
trigonometry as illustrated in Figure 2 b, the imaginary part (y) and the real part (x) are derived in
terms of θ1, θ3, and L as:
𝑦: 𝑆1 𝑐𝑜𝑠𝜃1 − 𝑆2 𝑐𝑜𝑠𝜃1 − 𝑆3 𝑠𝑖𝑛𝜃3 = 0

(5.13)

𝑥: 𝑆1 𝑠𝑖𝑛𝜃1 + 𝑆2 𝑠𝑖𝑛𝜃1 − 𝑆3 𝑐𝑜𝑠𝜃3 = 𝐿 − 𝑆3 𝑐𝑜𝑠𝜃3

(5.14)

By substituting S1 = h/cosθ1 into the previous equations and solving for S2 and S3 in terms
of h, θ1, θ3, and L, we obtain:
𝑦:

𝑆2 =

𝑥:

ℎ
𝑠𝑖𝑛𝜃3
− 𝑆3
𝑐𝑜𝑠𝜃1
𝑐𝑜𝑠𝜃1

(5.15)

𝐿
ℎ
−
𝑠𝑖𝑛𝜃1 𝑐𝑜𝑠𝜃1

(5.16)

𝑆2 =

Solving the two equations, S3 can be found as:
𝑆3 =

2ℎ − (𝐿 × 𝑐𝑜𝑡𝜃1 )
𝑠𝑖𝑛𝜃3

(5.17)

If h = 10 mm, L = 8 mm, θ1 = 29.83°, and θ3 = 50.7° and substituting these values into
Equations 5.12, 5.16, and 5.17, we get S1, S2, and S3 equal to 11.52 mm, 4.55 mm, and 7.816 mm,
respectively. It can be observed that S1 < S2 + S3, which verifies the fact that Equation 5.12 cannot
be applicable when h > 0.86 L. Note that Equation 5.17 shows that the height (h) in this case is a
function of S3, whereas it is a function of S2 in Equation 5.15.
5.3 Experimental Setup
The pulse-echo technique is utilized in this study, in which an ultrasonic wave is generated
and received by using only one transducer. The generation of a SAW (Rayleigh wave) that
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propagates on the free surface of a solid specimen requires using a normal beam transducer, a
comb transducer, or a transducer that is attached to an angle beam wedge placed on the specimen’s
surface. The purpose of the angle beam wedge is to convert the longitudinal wave generated via
the ultrasonic transducer into a Rayleigh wave at the interface between the wedge surface and the
specimen’s surface [79]. Snell’s law should be considered to calculate the appropriate incident
angle inside the wedge to achieve the desired angle of SAW propagation (90°). As illustrated in
Figure 5.3 and Figure 5.4 c, the angle beam wedge (ABWML-5T 90, Olympus NDT, Waltham,
MA) used in this experiment is made of plastic (Lucite), with a longitudinal wave velocity of 2700
m/s. By substituting the longitudinal velocity of the wedge and the theoretical Rayleigh wave
velocity for a 1018 steel (2953 m/s) into Snell’s law, the incident angle inside the wedge is found
to be 66.12°.

Figure 5.3: Schematic diagram for the experiment setup.

55

(a)

(b)
Figure 5.4: (a) The container dimensions used in this study. (b) the experiment setup.

The ultrasonic pulser/receiver (5072PR, Olympus NDT, Waltham, MA, USA) is utilized
to excite a pulse to a 5 MHz transducer (C541-SM, Olympus NDT, Waltham, MA, USA), which
is attached to the angle beam wedge. The received signal can then be amplified before it is
transferred to a digital oscilloscope. The amplifier is built in the pulser/receiver, which can be used
to control either the gain (+dB) or the attenuation (−dB) of the received signal. The pulser/receiver
has a low pass filter at 10 MHz and a high pass filter at 1 MHz. The signal is recorded with 128
averaging to increase the signal-to-noise ratio with a digital Oscilloscope (TDS2001C, Tektronix,
Beaverton, OH, USA). The sampling time rate was kept constant at 25 µs for the 5 MHz transducer
in all recorded signals to avoid aliasing. The pulser/receiver settings are listed in Table 5.1.
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Table 5.1: The pulser/receiver settings used during the experimental studies.
PRF(Hz)

Energy

Damping (50 )

100

1

3

High Pass Filter
(HPF)
1 MHz

Low Pass Filter (LPF)

Amplifier (gain)

10 MHz

30 db

The containers were filled with a precise amount of deionized (DI) water via an Eppendorf
Research Pipette that can hold 0 to 100 µL of liquid. The pipette’s accuracy was verified by
dropping 100 µL of DI water onto a sensitive scale (Scaout Pro SP402, Ohaus Inc. Parsippany,
NJ, USA), and the obtained reading on the scale was used for calibration. The 3D-printed
containers, which fit on the specimen’s surface, are made of Polylactic Acid material (PLA). The
geometric dimensions of the container are 10 mm × 22 mm × 8 mm as shown in Figure 5.4 a. To
measure the actual covered area by the liquid, the container is fully occupied with liquid (2000
mm3), and then the volume is divided by the height of the container (10 mm), which gives the area
as 200 mm2. The primary purpose of using the container is to maintain the consistency of the area
covered by liquid while recording the signal. Initial sets of experiments were conducted to verify
that placing the container on the free surface of the specimen had no impact on the propagation of
the SAWs. The experiment results confirm that there is no reflection from the containers since the
interface between the specimen’s surface and the container has no real area of contact. The distance
between the container and transducer was selected to be 77 mm, which ensured that the container
was placed beyond the near field distance (N), which can be estimated using Equation 5.18.
𝐷2 𝑓
(5.18)
4𝐶
where D is the transducer diameter, f is the signal frequency, and C is material sound speed.
𝑁=

Substituting D = 12.7 mm (0.5 in), f = 5 MHz, and C = 2953 m/s (Rayleigh wave speed) into
equation 5.18, the near field distance (N) will be 68.27 mm. The material properties for DI water,
air, the PLA material, and 1081 steel are listed in Table 5.2.
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Table 5.2: The material properties for deionized (DI) water, air, the PLA material, and 1081
steel.
Deionized Water

1018 Steel

Air

PLA (25 °C)

Density,  (g/cm3)

1

7.870

0.001

1.24

Speed of Sound (m/s)

1480

2953(C.R.)

330–343

2200~2300 [78]

The experimental procedure is as follows. First, the angle beam wedge is placed on the
specimen surface after applying an ultrasonic couplant between the two surfaces to facilitate the
ultrasonic wave transmission and reception from the wedge on the specimen surface and vice
versa. A three-way C-clamp is used to ensure the wedge remains stationary throughout the
experiment and to provide adequate contact between the specimen surface and wedge. Next, the
container is placed on the free surface of the specimen (1018 Steel) 77 mm from the wedge tip,
whereas the edge is 105 mm from the angle beam wedge. The container area in contact with the
specimen is wrapped with a thread sealing tape to prevent the medium from leaking. The reflected
signal from the edge for the empty container is selected as the reference for the experimental
studies. Thirty seconds after filling the container with DI water, the received signal reflected from
the edge of the specimen and the liquid are recorded separately to assist in the data analysis process.
The data collection step is repeated for all the different liquid volumes investigated.
The entire signal for the empty container is shown in Figure 5.5. It can be observed from
this figure that reflection from the wedge-specimen interface is present at 29.2 µs in the data, and
the reflection from the specimen edge is at time 99 µs. Based on the experimental observation after
filling the container with liquid, the reflection of the wave from the medium will take place right
after 80 µs. For better comparison among all cases, we decided to have two separate windows for
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the received signal shown on the Oscilloscope, one for the reflection from the specimen edge
(RWE) and the other one for the reflection from the liquid (RWL) as shown in Figure 5.5.

3

Amplitude(V)

Echo from the edge

Echo at the
wedge(29.2µs)

2
1
0
-1

0

10

20

-2
-3

30

40

50

60

70

80

RWL window

90

100

110

120

RWE window

Time(µs)

Figure 5.5: The entire signal received for the empty container, including the selected windows
for the reflection from the liquid and the reflection from the edge.

5.4 Results and Discussion
5.4.1 The Effect of the Presence of Liquid Media on the Propagation Path of the Reflected Wave
from a Defect (Edge)
It is imperative to study how the wave reflected from the edge is influenced when a small
area of a tested specimen surface is occupied by liquid matter in the propagation path, mainly when
the medium is between the transducer and the defect to be detected. In general, the amplitude of
SAWs significantly attenuates as the liquid interacts with the solid (solid–liquid interaction) due
to the dissipation of the signal energy into the liquid. The results indicate that the peak-to-peak
amplitude of the reflected wave from the edge declines sharply when 400 µL of DI water is added
to the liquid container and slightly decreases or remains almost constant as the liquid volume
increases (Figure 5.6). This indicates that the change in the amplitude is more sensitive to the area
than to the liquid volume present in the propagation path.
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Figure 5.6: Time domain response for the reflected wave from the edge for all cases.
The average percentage of the peak-to-peak amplitude drop due to liquid exitance was
−62.5%, as shown in Table 5.3. The arrival time of maximum amplitude of the reflected wave
from the edge remains constant in all cases, which occurs at the time of 99.464 µs (TP-RWE). It is
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important to note that the wave reflected from the defect (edge or corner in this study) was not
affected by the presence of DI water on the surface.
Table 5.3: The percentage drop in the peak-to-peak amplitude of the reflected wave from the
edge for all cases.

P–P amplitude (V)
%=

𝒙 − 𝒆𝒎𝒑𝒕𝒚
× 𝟏𝟎𝟎
𝒆𝒎𝒑𝒕𝒚

Empty

400 µL

600 µL

1000 µL

1800 µL

1.90

0.74

0.72

0.70

0.70

-

−61.05

−62.11

−63.16

−63.16

By utilizing Equation 5.19—where vR is the theoretical velocity of the Rayleigh wave in
1018 steel (2953 m/s) and Tp-wedge is the time associated with the maximum reflection at the angle
beam wedge, which is 29.2 μs—the obtained distance was 103.74 mm, where the actual distance
between the transducer and the edge was 105 mm. The reasonably low 1.9% error herein could be
due to the theoretical Rayleigh wave velocity or the measurement accuracy.

𝑑=

(𝑇(𝑃−𝑅𝑊𝐸) − 𝑇(𝑃−𝑤𝑒𝑑𝑔𝑒) ) × 𝑣𝑅
2

(5.19)

The results further show that wave packets appear before and after the wave is reflected
from the edge, and they shift to the right as the volume of liquid increases, as shown in Figure 5.6.
These waves are multiple reflections from the top surface of the liquid. The shift in time occurs
because the reflected wave travels longer in liquid as the height of liquid increases.
5.4.2 The Reflected Wave from the Liquid on the Propagation Path
Figure 5.7 shows the time-domain responses of the wave reflected from the DI water for
all the volumes investigated. Based on observations of the exact location of reflections from the
liquid, a window between the times of 74 and 98 μs was selected, which covers the region before
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the RWE. By choosing this window, not only can the first reflected wave from the liquid be easily
detected, but the behavior of the reflected signal can also be precisely analyzed, for example, the
peak-to-peak amplitude of the reflected wave from the liquid. During the experiments, we carefully
analyzed the obtained time-domain signal of each case. In order to ensure the reflection of the
signal was coming from the top surface of the fluid, we disturbed the top surface with a needle,
and it was observed that the amplitude of the reflection died out. The dotted box (A), the dotted
box (B), and the dotted box (C) in Figure 5.7. represent the first leaky Rayleigh wave at the solid–
liquid interface at the beginning of the container, the first reflected wave from the top surface of
the liquid, and the second leaky Rayleigh wave at the end of the container, respectively.
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Figure 5.7: Time domain responses for the reflected wave from the liquid for all cases.
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From the results of all the cases, it can be noted that the amplitude of the signal dramatically
changes when the container is filled with 400 μL of liquid around the time of 80.96 µs, as seen in
Figure 5.7. One can observe that the amplitude of the leaky Rayleigh wave is attenuated as it
travels along the solid–liquid interface in all cases except one case (400 µL). The velocity of the
leaky Rayleigh wave at the beginning of the container can be obtained by utilizing Equation 5.19,
where the maximum amplitude occurs at the time of 80.96 µs, the actual distance between the
transducer and container is 77 mm, and the time at the wedge is 29.2 µs. Hence, the velocity
obtained is 2975 m/s. The results further show that the first reflected wave from the top surface of
the liquid arrives earlier than the second leaky Rayleigh wave in the cases of 400 µL and 600 µL,
whereas it arrives later than the second leaky Rayleigh wave in the case of 1000 µL and 1800 µL.
The reason for that is that the total distance of the upward and downward propagating longitudinal
waves in the liquid layer for 400 µL and 600 µL is less than that for the reaming cases (1000 µL
and 1800 µL).
5.4.3 Estimating Liquid Height
The arrival times of the reflected waves from the liquid are listed in Table 5.4 for clarity.
By substituting these times into Equations 5.9 and 5.12, the total traveled distance in the liquid (S1
+ S2) and h are obtained for all cases. The actual liquid height is obtained from the relationship
between the liquid volume and the cross-sectional area of the liquid, which is 200 mm2. The
purpose of this section is to validate the feasibility of the method by comparing the obtained height
from Equation 5.12 with the actual height of the fluid measured. Additionally, the obtained speed
of sound for water is compared with its theoretical value.
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Table 5.4: Velocity and height measurement.
Actual
Height
(mm)

tB

tc

CLW

(µs)

(µs)

(µs)

(m/s)

tA

Error in
CLW
(%)

S1 + S2

h

(mm)

(mm)

Error
in h
(%)

400 µL

2

80.96

84.19

87.18

1427.5

−3.54%

4.8

2.07

3.7

600 µL

3

80.96

85.51

87.18

1520.1

2.71%

6.7

2.92

−2.6

1000 µL

5

80.96

88.64

87.21

1501

1.42%

11.4

4.93

−1.4

1800 µL

9

80.96

96.36

87.22

1347.4

−8.96%

22.8

9.89

9.8/2.7 *

* represents the calibrated error in height for the case of 1800 µL, as explained in Section
5.2.3.

The percentage errors in the liquid height for 400 µL, 600 µL, 1000 µL, and 1800 µL are
3.7%, −2.6%, −1.4%, and 9.8%, respectively. As expected, in the case of 1800 µL, the error is
high because the height is above 0.86 L, so the obtained (S1 + S2) is not accurate. This case
represents the second case that is explained in Appendix A.2. To address this issue, the total
traveled distance was found via parametric CAD software (Inventor Autodesk 2019), as illustrated
in Figure 5.8, for the critical case, 1000 µL, and 1800 µL. The critical case is when the liquid
height is equal to 86% of the container length. From this figure, one can observe that the total
traveled distance (S1 + S2) for 1000 µL exactly matches the value found in Table 5.4. By contrast,
for 1800 µL, the total traveled distance does not exactly match the table because the height
equation used in this case does not take into account the value of S3. The corrected value for the
case of 1800 µL (S1+S2+S3) from Figure 5.8 c is 21.31 mm, which gives a CLW of 1383 m/s and a
height of 9.24 mm. Therefore, the error for the 1800 µL is dramatically reduced to 2.7%.The error
in the height estimation might be caused by several factors, such as the theoretical value of the
speed of sound in water and air, which mainly varies with the temperature, the surface tension
phenomenon, and the estimated area of the liquid container.
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(a)

(b)

(c)

Figure 5.8: The CAD results for the wave traveling in the liquid, showing the actual total
traveled distance for three cases: (a) the critical case. (b) 1000 µL case. (c) 1800 µL case.

5.4.4 Short-Time Fourier Transform Analysis for Both the Reflected Wave from the Defect
(Edge) and the Liquid
The goal of Short-Time Fourier Transform Analysis (STFT) is to determine the effect of
fluid existence and fluid volume on the signal frequency. STFT is a useful technique to convert
the time domain response of the signal into the frequency-time domain for a selected window. The
resolutions of time and frequency are inversely proportional; as the frequency resolution increases,
the time resolution decreases, and vice versa [80]. The longer the window is, the higher the
frequency resolution that will be obtained with a lower time resolution [81]. For this reason, a
trade-off between frequency resolution and time resolution should be carefully implemented
depending on which is more important for a particular study. In this study, we utilized MATLAB
(signal processing) to obtain the STFT for the RWE (Reflected Wave from the Edge) and RWL
(Reflected Wave from the Liquid) windows. The time resolution was set to be 1 µs. The settings
for the leakage and overlap are 1% and 99%, respectively. Figure 8 represents the STFT of the
RWE and RWL for all cases. For instance, Figure 5.9 a1 and Figure 5.10 b1 show the STFT results
for the empty case obtained for the RWE and RWL, respectively. Figure 5.9 a2 and Figure5.10 b2
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show the STFT for 400 µL cases obtained for the RWE and RWL, respectively, and so on. The xaxis represents the time in µs, and the y-axis represents the frequency in MHz. The light-yellow(dB), which is close to 0 dB, represents the dominant frequency components of the signal at a
specific time. If the yellow color becomes darker or changes to blue in a particular region, it
indicates that a lower frequency component of the signal is localized.
From Figure 5.9 a1–a5, it can be observed that the central frequency of the RWE for all
cases is lower than in the case of the empty container. A slight change in the fundamental frequency
as the volume of liquid increases can be seen. Besides, multiple reflections from liquid appear
before and after the RWE as the volume of liquid increases. From Figure 5.10 b1–b5, it can be
observed the first leaky Rayleigh wave, at the first edge/corner of the container, with a frequency
of 3.5 to 4 MHz, occurs at a time between 80 µs and 82 µs for all cases except the empty container.
The second leaky Rayleigh wave, at the end edge/corner of the container, appears at a time between
86 µs and 88 µs. The first leaky Rayleigh wave and the second leaky Rayleigh wave are denoted
with solid red arrows and dashed red arrows, respectively, in Figure 5.10 b2. Additionally, multiple
reflections from the top surface of the liquid appear as the light-yellow color between or after the
two Leaky Rayleigh waves based on the liquid volume, as previously explained in Section 5.4.2.
Note that the first and second Leaky Rayleigh waves occurred at the same time plots (Figure 5.10
b2–b5).
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(a1)

(a2)

(a3)

(a4)

(a5)
Figure 5.9: Short-Time Fourier Transform for the reflection from edge/corner in all cases: (a1)
empty, (a2) 400 µL, (a3) 600 µL, (a4) 1000 µL, and (a5) 1800 µL.
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(b1)

(b2)

(b3)

(b4)

(b5)
Figure 5.10: STFT for the reflection from the liquid in all cases: (b1) empty, (b2) 400 µL, (b3)
600 µL, (b4) 1000 µL, and (b5) 1800 µL.
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5.4.5 Fast Fourier Transform Analysis for the Reflected Wave from the Edge
Fast Fourier Transform analysis (FFT) is performed to convert the signal from the time
domain into a frequency domain. The number of data set utilized in FFT analysis define its
resolution, where a high number leads to a high resolution. In this study, FFT was performed on
the reflected wave from the edge for all cases to recognize the impact of liquid loading over a solid
surface on the SAWs, as shown in Figure 5.11.

Figure 5.11: The FFT results for the reflected wave from the edge for all cases

The analysis was carried out through the MATLAB code (see appendix B). Figure 5.11
shows that the reflected wave from the edge has been affected by the liquid that is present on the
solid surface. In the case of the free surface (empty), the signal tends to be steady, unlike in other
cases where a fluctuation is noticed in the signal. In this study, the use of FFT can only be beneficial
to detect if there is a liquid on the surface, where more conclusions cannot be drawn as compared
to STFT.
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Chapter 6: Conclusion and Future Work
6.1 Conclusion
This dissertation contains two studies that are entirely rooted in the propagation of surface
acoustic waves in solid media. In the first study, the effect of varying bolt tension on SAW was
simulated via the commercially available finite element program, ANSYS 18.1. This study
investigated the SAW reflection caused by the real contact area, which is located at the interface
between the bolt head and plate surface. To ensure the validity of the FEA model developed, the
phase velocity of the incident SAW and frequency were simulated and then compared with the
theoretical values. The results obtained indicated an error in the phase velocity and frequency of
0.4% and negligible, respectively. The results show a clear trend of an increase in the reflected
wave amplitude as the bolt tension is varied from 4 to 24 kN with a slight phase shifting of 0.5 µs.
The results further show that as the bolt tension increases, the distance of the first reflected wave
to the source becomes shorter. This was measured based on the nearest zero-crossing point to the
source. As expected, the most significant difference in distance, 1.9 mm, was observed between 4
and 24 kN. Most importantly, the results also indicate that the bolt tension can be reliably
quantified based on the location of the first reflected wave. The simulation results also show an
excellent agreement with the experiment results. The results presented here have the potential to
significantly impact bolt tension quantifying and ensuring that all bolts are properly tightened for
a large engineering structure or a machine.
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In the second study, the impact of liquid presence on a solid surface on SAW was
experimentally investigated. Additionally, with the aid of the fact that when a SAW interacts with
a liquid as it is traveling along the solid surface, some of its energy is transmitted through the liquid
and some energy is reflected, the liquid height can be accurately estimated via analyzing the time
domain response of the received signal. The results show that the peak-to-peak amplitude of the
received SAW signal is dramatically reduced when liquid is present on the solid surface by almost
62.5% compared to the free surface (no liquid). With an increase in liquid volume, the peak-topeak amplitude is slightly decreased, which indicates that the SAW is more sensitive to the area
being covered by a liquid than the volume of the liquid. Examining the result further shows that
the arrival time of the reflected wave from the edge has not changed as the liquid height varied.
The results further illustrate the capability of utilizing SAW to precisely measure the liquid height,
with a small error that does not exceed 10% in all the tested cases in this study.

6.2 Future Work
There are some possible studies that can be performed to take the work presented in this
dissertation to the next level. First is investigating a method to reduce the computational time of
simulation, so high-frequency waves can be simulated. This can be achieved by applying absorbing
layers in the areas, not interest. Second is simulating and conducting experiments on investigating
the ability of SAW to quantify the tension for the multiple bolts in the bolted joints. The third is
simulating and experimentally investigating the use of SAW to quantify bolt tension using
transmission through a technique where two transducers are used, one exciting the wave
propagating towards the bolt head and the second one receiving the propagating wave located after
the bolt head. This can be a good approach if the bolted joint is accessible, yet it requires a very
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accurate alignment between the two angle beam wedges to ensure reliable results for comparison.
Another possible work would be experimenting with how the rust on the surface of the specimen’s
surface due to environment conditions affects the SAW propagation since most of the engineering
structures are exposed to this condition. Understanding these effects can lead to enhancing the
quality of SAW testing on the surface that has rust and provides more reliable results. Finally, one
may investigate the attenuation of SAW, which is related to energy loss in the wave, at different
frequencies over the surfaces of several materials. This investigation is intended to figure out what
frequency provides good results to detect surface defects, quantify bolt tension, and measure the
liquid height.
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Appendix A: Experiment Instruments

Figure A.1: Digital Oscilloscope (TDS2001C, Tektronix, Beaverton, OH, USA).

Figure A.2: Ultrasonic pulser/receiver (5072PR, Olympus NDT, Waltham, MA, USA).
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Figure A.3: Angle beam wedge (ABWML-5T 90, Olympus NDT, Waltham, MA).

Figure A.4: Eppendorf Research Pipette 0~100µl.
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Figure A.5: Ultrasonic couplant (Sonotech Soundsafe).

82

Appendix B: MATLAB Code
The following code is used to evaluate the FFT for the reflected wave from the edge in
Chapter 5:
N=length(Empty); %Empty is the name of data
T=4e-9; %time step, For the reflected wave from the Edge.
Fs=1/T; %sampling frequency.
fnyquist = Fs/2; %Nyquist frequency
X_mags = abs(fft(Empty));% Empty container data
bin_vals = [0 : N-1];
fax_MHz = (bin_vals*Fs/N)/(1e6);
N_2 = ceil(N/2);
X_mags1 = abs(fft(Volume400));%400\microliter
plot(fax_MHz(1:N_2), X_mags(1:N_2),'DisplayName','Empty');hold on;
xlabel('Frequency (MHz)');
ylabel('Magnitude(v)');
xlim([0 6])
plot(fax_MHz(1:N_2), X_mags1(1:N_2),'DisplayName','400\mul');hold on;
xlabel('Frequency (MHz)');
ylabel('Magnitude(v)');
xlim([0 6])
X_mags2 = abs(fft(Volume600));%600microliter
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plot(fax_MHz(1:N_2), X_mags2(1:N_2),'DisplayName','600\mul');hold on;
xlabel('Frequency (MHz)');
ylabel('Magnitude(v)');
xlim([0 6])
X_mags3 = abs(fft(Volume1000));%1000microliter
plot(fax_MHz(1:N_2), X_mags3(1:N_2),'DisplayName','1000\mul');hold on;
xlabel('Frequency (MHz)');
ylabel('Magnitude(v)');
xlim([0 6])
X_mags4 = abs(fft(Volume1800));%1800microliter
plot(fax_MHz(1:N_2), X_mags4(1:N_2),'DisplayName','1800\mul');hold on;
xlabel('Frequency (MHz)');
ylabel('Magnitude(v)');
xlim([0 6]
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